Abstract: AU-Agenda 2063 was adopted at the 24th
. AU-Agenda 2063 First-Ten-Years Implementation Plan (FTYIP) priority areas and goals (first and second rings, respectively) that can be directly addressed by common Earth observation applications (outer ring).
The success and sustainability of African emerging space agencies will in part be predicated on the scientific and technical expertise and competencies of their employees and users. Indeed, one of the key objectives highlighted in the African Space Policy is the development of the requisite human capital through existing institutions and infrastructure, which is critical to ensuring the widespread exploitation and use of space technologies. To advance this objective, the AU has identified the need to establish a Pan-African University on Space Science and Technology in South Africa that is aimed at providing advanced graduate training and research for African students. Apart from formal education and training through degree programs, development of human capital through capacity building is a critical component to the marketing of EO data, products and services in order to ensure wider use and increase self-sufficiency and access to information [7] . Essentially, the achievement of most African Space Policy objectives, such as addressing user needs, accessing space services, developing the regional market, adopting good governance and management, and promoting intraAfrica and other international cooperation hinges on robust capacity building in EO. Therefore, increasing the use of EO by specialists, students, researchers, professionals from various disciplines and decision makers through capacity building should be the main priority of emerging space agencies and similar institutions in order to take advantage of multiple immediate and downstream benefits of EO, which is critical for supporting national development plans, government mandates, legislative acts and regulations, policy and decision making as well as realizing AU-Agenda 2063 aspirations. These space agencies are well-positioned to address the multifaceted challenges of the continent.
The South African National Space Agency (SANSA), an entity of Department of Science and Technology (DST), is mandated by the South African Space Agency Act, 36 of 2008, and National Space Strategy [8] , to coordinate and integrate space science and technology programs, conduct long- The success and sustainability of African emerging space agencies will in part be predicated on the scientific and technical expertise and competencies of their employees and users. Indeed, one of the key objectives highlighted in the African Space Policy is the development of the requisite human capital through existing institutions and infrastructure, which is critical to ensuring the widespread exploitation and use of space technologies. To advance this objective, the AU has identified the need to establish a Pan-African University on Space Science and Technology in South Africa that is aimed at providing advanced graduate training and research for African students. Apart from formal education and training through degree programs, development of human capital through capacity building is a critical component to the marketing of EO data, products and services in order to ensure wider use and increase self-sufficiency and access to information [7] . Essentially, the achievement of most African Space Policy objectives, such as addressing user needs, accessing space services, developing the regional market, adopting good governance and management, and promoting intra-Africa and other international cooperation hinges on robust capacity building in EO. Therefore, increasing the use of EO by specialists, students, researchers, professionals from various disciplines and decision makers through capacity building should be the main priority of emerging space agencies and similar institutions in order to take advantage of multiple immediate and downstream benefits of EO, which is critical for supporting national development plans, government mandates, legislative acts and regulations, policy and decision making as well as realizing AU-Agenda 2063 aspirations. These space agencies are well-positioned to address the multifaceted challenges of the continent.
The South African National Space Agency (SANSA), an entity of Department of Science and Technology (DST), is mandated by the South African Space Agency Act, 36 of 2008, and National Space Strategy [8] , to coordinate and integrate space science and technology programs, conduct long-term planning and implementation of space-related innovations in South Africa, and ensure the supply of cost-effective space-based EO data and products to support South Africa's policy, decision-making, economic growth and sustainable development. The agency fosters research in space science, communications, navigation and space physics, and it advances scientific, engineering and technological competencies and capabilities through human capital development, outreach activities and infrastructure development, and fosters international co-operation (including with other African organizations) in space-related activities. The Earth Observation Program of SANSA aims to coordinate South Africa's Earth observation activities. The main objectives are to collect, archive, assimilate and disseminate earth observation data over the Southern African region to support policy, decision-making and sustainable economic growth in the country and the region. Its impact is in providing, among other things, essential EO data and services, including value-added products and services to state-owned departments, the private sector and other Small and Medium Enterprises (SME), and supporting EO research and application development, as well as human capital development and outreach activities. Thus, through the provision of EO data, products and services, SANSA is supporting several legislative acts and regulations, e.g., the Conservation of Agricultural Resources Act No. 43 , among others. Among SANSA's five strategic goals, human capital development has been highlighted as cross-cutting and integral to the success of the South African Space Program. To achieve this objective, SANSA uses several collaborative capacity building approaches to advance skills development on the African continent. Its multi-pronged approach includes funding of post-graduate students, short training courses, supervision of postgraduate students, guest lecturing at universities, internships and studentship programs.
Scope and Objectives of the Study
Unfortunately, only a few studies have discussed the role of Earth observation in the context of capacity building in Africa for addressing service delivery and national development as well as AU-Agenda 2063 development imperatives. In addition, existing EO-derived information in various thematic applications and open and free satellite data and software are underutilized, attributable to lack of awareness, technical capability, and infrastructure for processing, analyzing, storing and disseminating terabytes of data. Therefore, this paper seeks to address these gaps, by discussing the potential of capacity building in Earth observation for supporting the implementation, monitoring of, and reporting for, AU-Agenda 2063 development imperatives. Specifically, we identified existing capacity-building resources, including the role of open and free Earth observation data, open-source software, and product dissemination platforms that can be leveraged for supporting national development, service delivery and the achievement of AU-Agenda 2063 targets. Furthermore, the paper recognizes the importance of bilateral and multilateral partnerships in leveraging existing expertise, technology and other resources for advancing strategic goals of African emerging space agencies and promoting sustainable development with examples from South African National Space Agency (SANSA). Then, the challenges and opportunities for capacity building and wide adoption of EO in Africa are discussed in the context of African emerging space agencies and AU-Agenda 2063.
Earth Observation Data for Capacity Building
For decades, Earth observation satellites have produced a comprehensive archive of data covering the entire globe. Specifically, satellites such as the Advanced Very High-Resolution Radiometer (AVHRR), MERIS, MSG Geostationary satellite, and Moderate Resolution Imaging Spectroradiometer (MODIS) provide wide coverage, allowing daily image acquisitions at a coarse spatial resolution of between 250 m and 1 km. These course resolution datasets have been invaluable in developing global land cover products such as GlobCover [9, 10] , Global Land Cover 2000 [11] , DISCover [12] and MODIS Land Cover [13, 14] , among others. In addition, the datasets have been used for mapping, monitoring and assessment of wildfires [15] [16] [17] , surface water [18] [19] [20] , floods [21, 22] , agricultural activities [23] [24] [25] , biodiversity [26] [27] [28] , and drought [29, 30] . These datasets provide unparalleled, temporally detailed information that is useful for rapid detection of surface changes due to various natural and anthropogenic phenomena such as disasters and land-use changes; thus, they are suitable for addressing information needs at national to regional scales, to support implementation, monitoring and reporting at these levels. However, detailed analysis and monitoring for decision making at a local scale require high spatial resolution.
The availability of long-term, medium-resolution data records and almost continuous coverage since 1972 from the Landsat program have unequivocally advanced research, products and applications development in an unprecedented manner. Alarmingly, studies show that research outputs from African institutions are still low, which is attributable to insufficient internet bandwidth for downloading satellite data and a lack of hardware for processing, analyzing and storing the data. Landsat's wealth of data is sustained by the availability of new-generation advanced sensors such as Landsat 8 Operational Land Imager (OLI), CBERS-4B and Sentinel 2 Multispectral Imager (MSI), with better spatial, temporal and spectral resolutions, accessible from various data catalogues (Figure 2 ). These offer profound opportunities for capacity building in Earth observations and the development of innovative commercial solutions and applications in various thematic areas that are relevant for addressing AU-A2063 aspirations. In addition to being the greatest asset to global change studies, data from Landsat and Sentinel 2 are valuable for monitoring and assessment at a landscape scale to support on-the-ground decisions and enhancing service delivery. The increase in free and open data presents new challenges that require new techniques to fuse multiple datasets to take advantage of their unique characteristics related to spatial and temporal resolutions, and to overcome challenges related to clouds and associated cloud shadows common in EO data. Fortunately, data infrastructures such as Data Cube (also known as Digital Earth) offer prospects for sustainable development in Africa. This is evidenced by initiatives focusing on Africa such as African Regional Data Cube [31] (ARDC) and Digital Earth Africa [32] .
In addition, commercial data from sensors such as from SPOT 6/7, Rapid Eye and Worldview are increasingly becoming affordable, with the capability for user-defined tasking plans, which are useful for repeated and on-demand image acquisitions at a specific area of interest such as disaster-stricken areas. These sensors are instrumental in deriving and maintaining most geospatial baseline datasets, such as road and railway networks [33, 34] , forest inventory [35, 36] , wetland delineation [37, 38] , digital elevation models [39] [40] [41] , river and stream networks [42] , building structures [43] , agricultural field boundaries [44, 45] , and powerlines [46] . Innovative agreements such as the Single License-Multi-User Agreement (SLMA) for negotiating cheaper high-resolution data for multiple countries need to be explored in Africa. For example, SLMA between SANSA and Airbus Defense and Space (Formerly Astrium) has allowed free access of SPOT 5, 6 and 7 for all government departments, research and academic institutions since 2006. Access to SPOT 5, 6 and 7 has widened opportunities for international collaborations and meaningful participation in international projects. High-to very high-resolution data are valuable for calibration and validation, therefore presenting an added advantage and unique contribution in consortia-led and -funded projects. For example, the availability of archived and newly acquired high-resolution data at SANSA has enabled collaboration with the European Commission's Joint Research Centre (JRC), on the Global Human Settlement Layer (GHSL) initiative. The collaboration has allowed the exchange of data and techniques, which has allowed the development of National Human Settlement Layer, since 2006, to meet users' information needs, such as spatially explicit information on the status and evolution of the built environment, which is critical for planning functions such as town and land use planning, municipal demarcation and service provision. 73 of 1998 . In addition, the information needs to support African policy frameworks such as the Program for Infrastructure Development in Africa (PIDA), which can be met through upscaling of techniques from national to continental. Also, the National SPOT mosaic dataset, distributed annually to South African institutions, has been used to generate National Land Cover data and the National Crop Boundary Layer, among other things. Essentially, innovative agreements such as SLMA, negotiated on behalf of all stakeholders, are an efficient way to access otherwise-expensive data licenses in a cost-effective and sustainable manner; thus, they are key to Africa's development and for addressing data scarcity challenges. monitoring for decision making at a local scale require high spatial resolution.
The availability of long-term, medium-resolution data records and almost continuous coverage since 1972 from the Landsat program have unequivocally advanced research, products and applications development in an unprecedented manner. Alarmingly, studies show that research outputs from African institutions are still low, which is attributable to insufficient internet bandwidth for downloading satellite data and a lack of hardware for processing, analyzing and storing the data. Landsat's wealth of data is sustained by the availability of new-generation advanced sensors such as Landsat 8 Operational Land Imager (OLI), CBERS-4B and Sentinel 2 Multispectral Imager (MSI), with better spatial, temporal and spectral resolutions, accessible from various data catalogues (Figure 2 ). These offer profound opportunities for capacity building in Earth observations and the development of innovative commercial solutions and applications in various thematic areas that are relevant for addressing AU-A2063 aspirations. In addition to being the greatest asset to global change studies, data from Landsat and Sentinel 2 are valuable for monitoring and assessment at a landscape scale to support on-the-ground decisions and enhancing service delivery. The increase in free and open data presents new challenges that require new techniques to fuse multiple datasets to take advantage of their unique characteristics related to spatial and temporal resolutions, and to overcome challenges related to clouds and associated cloud shadows common in EO data. Fortunately, data infrastructures such as Data Cube (also known as Digital Earth) offer prospects for sustainable development in Africa. This is evidenced by initiatives focusing on Africa such as African Regional Data Cube [31] (ARDC) and Digital Earth Africa [32] . On the other hand, Synthetic Aperture Radar (SAR) data has previously been 'out-of-reach' for most African countries, which is attributable to its relatively high cost when compared to optical data, as well as the complexity of the data, limited analysis tools and lack of capability to analyze the data. SAR images are useful for cloud-prone areas such as equatorial and disaster-prone areas due to their ability to acquire images in all-weather conditions and independent of light conditions. In addition, the ability to penetrate tree canopies and the surface unlocked applications such as forest disturbance, land subsidence and soil moisture mapping with improved accuracies [47] . Data from Advanced Land Observing Satellite (ALOS) 1 and 2, TerraSAR-X, ENVISAT ASAR and RADARSAT-2 have been applied for shoreline mapping [48, 49] , ship surveillance [50, 51] , oil spill monitoring [52] [53] [54] , and flood extent [55, 56] , among other things. The advent of Sentinel-1 data and increasingly open SAR data licenses for research and capacity building should allow increased research outputs and the operationalization and extension of test applications based on SAR data for monitoring soil moisture variability, natural disasters (such typhoons and floods), and detecting illegal activities in the oceans such as oil dumping, unlicensed fishing and mineral exploration. Therefore, developing SAR capability is of paramount importance in taking advantage of its unique properties for supporting the optimization of agriculture and ending hunger (i.e., AU-Agenda 2063, Goal 5), sustainable blue/ocean economy in Africa (i.e., AU-Agenda 2063, Goal 6), and ensuring biodiversity conservation and sustainable natural resource management (i.e., AU-Agenda 2063, Goal 7). In addition, various users need to be equipped with theoretical knowledge and practical skills to ensure a wider utilization of SAR data.
Geospatial Tools for Capacity Building
Access to software tools is one of the prerequisites for Geospatial analysis using Earth observation data. They enable effective data storage and management, data display and manipulation, and representation. For most developing countries, the cost of acquiring and managing software licenses is the main limitation to capacity building and deriving value from EO data. The advent of the Free and Open Source Software (FOSS) model has brought an unprecedented number of software tools for analyzing EO and other Geospatial datasets. The FOSS model enables collaboration, exchange of ideas, information and knowledge in an effective and efficient manner, thus promoting swift and cost-effective development and deployment of Geospatial tools. As a result, organizations such as Open Source Geospatial Foundation (OSGEO) were founded to support the collaborative development of powerful, secure and flexible geospatial software tools and promote their use. At the time of writing this manuscript, OSGEO provides a range of tools that can be categorized as content management systems, spatial databases, desktop and interactive applications, Geospatial libraries, metadata catalogues and web-based platforms ( Figure 3) . Similarly, major satellite data providers such as the European Space Agency (ESA), the US Geological Survey (USGS), the National Aeronautical and Space Administration (NASA), and the National Institute for Space Research (INPE), increasingly provide FOSS tools through command-line interfaces, libraries and desktop applications to ease the utilization of various datasets and formats. For example, the Sentinel Application Platform (SNAP) provides several desktop toolboxes for ingestion and manipulation of Sentinel data which is in a SAFE format. The FOSS tools provide immense opportunities for capacity building in African countries, overcoming limitations related to software license costs and limited control of workflows [57] . 
Access to software tools is one of the prerequisites for Geospatial analysis using Earth observation data. They enable effective data storage and management, data display and manipulation, and representation. For most developing countries, the cost of acquiring and managing software licenses is the main limitation to capacity building and deriving value from EO data. The advent of the Free and Open Source Software (FOSS) model has brought an unprecedented number of software tools for analyzing EO and other Geospatial datasets. The FOSS model enables collaboration, exchange of ideas, information and knowledge in an effective and efficient manner, thus promoting swift and cost-effective development and deployment of Geospatial tools. As a result, organizations such as Open Source Geospatial Foundation (OSGEO) were founded to support the collaborative development of powerful, secure and flexible geospatial software tools and promote their use. At the time of writing this manuscript, OSGEO provides a range of tools that can be categorized as content management systems, spatial databases, desktop and interactive applications, Geospatial libraries, metadata catalogues and web-based platforms ( Figure 3) . Similarly, major satellite data providers such as the European Space Agency (ESA), the US Geological Survey (USGS), the National Aeronautical and Space Administration (NASA), and the National Institute for Space Research (INPE), increasingly provide FOSS tools through command-line interfaces, libraries and desktop applications to ease the utilization of various datasets and formats. For example, the Sentinel Application Platform (SNAP) provides several desktop toolboxes for ingestion and manipulation of Sentinel data which is in a SAFE format. The FOSS tools provide immense opportunities for capacity building in African countries, overcoming limitations related to software license costs and limited control of workflows [57] . However, the rate of adoption of these tools for operational purposes and in the implementation of spatial data infrastructures to support spatial planning and socio-economic development is still limited. This can be attributed to several factors, including among others; the lack of targeted marketing of FOSS tools as opposed to proprietary tools, the lack of adoption at institutions of higher However, the rate of adoption of these tools for operational purposes and in the implementation of spatial data infrastructures to support spatial planning and socio-economic development is still limited. This can be attributed to several factors, including among others; the lack of targeted marketing of FOSS tools as opposed to proprietary tools, the lack of adoption at institutions of higher learning due to lack of awareness and availability of discounted proprietary software licenses, perceived steep learning curve compounded by constant bugs and updates, the lack of comprehensive functionalities and batch processing capabilities to perform most remote sensing and GIS operations until recently, and infrequent capacity-building activities utilizing FOSS tools in Africa by African institutions. Indeed, the wider adoption of FOSS tools requires increased capacity building, targeted at technicians and practitioners. In addition, there is a growing trend towards online mapping applications operable on mobile and desktop computers, such as Google Earth, ESRI/ArcGIS Explorer and NASA World Wind. These provide simple interfaces for accessing and analyzing satellite data by non-experts such as decision and policy makers. In particular, Google Earth has been utilized in numerous applications, including, among others, land use/land cover mapping [58, 59] , ecological and agricultural assessment [60, 61] , human settlement mapping [62] , and hydrological mapping [63] . Furthermore, Google Earth is known for its powerful integration of medium-to very high-resolution imagery from sensors such as Landsat (15-30 m) and QuickBird (60 cm) in a robust virtual globe environment, proving capabilities for data visualization and exploration, data capturing through on-screen digitizing, validation of land cover maps, and modelling and simulation of time-varying phenomena [64] [65] [66] . Thus, such tools are appealing to non-experts due to their free availability, ease of use, availability of simple to complex functionalites, the ability to view historical environmental conditions and the readily appreciable value and potential of EO. Consequently, tools such as Google Earth are essential for gathering support and interest for EO among politicians and other high-level stakeholders, demonstrating its usefulness especially in Africa, where addressing a plethora of socio-economic challenges transcends the adoption of new technologies.
The advent of cloud processing platforms such as Google Earth Engine (GEE) removes the need for costly high-end computing infrastructure for big data processing. GEE is a web-based, open-source platform that provides a global data repository of satellite time-series data from various sensors such as MODIS, Sentinel 1 and 2, Landsat, AVHRR, ALOS, etc.; cloud-based computing capabilities; and access to several processing algorithms [67] . It provides an intuitive platform for writing custom processing chains, storage, processing and analysis of data, and displaying of the results. Thus, it also removes the need for expensive commercial data processing and analysis software, essential for supporting research and development activities in developing countries. To date, the GEE platform has been utilized for research purposes in thematic areas such as land cover and use mapping [68] , flood mapping and assessment [69] , wetland inventory mapping [70] , drought assessment [71] , fire severity mapping [72] , crop mapping [73] and yield estimation [74] . Although it is an open-source tool, KumarandMutanga [75] show that it is still under-utilized by most researchers in developing countries due to poor connectivity, poor data-sharing networks, and lack of awareness and technical capacity, particularly in using JavaScript and Python languages. Open-source cloud computing offers immense opportunities such as rapid development and dissemination of innovative products and services for environmental monitoring in Africa that would address the information gaps, support the achievement of AU-Agenda 2063 goals and aid reporting at a national scale. Therefore, capacity building and awareness in cloud-computing platforms such as GEE is urgently needed at various African institutions. Capacity building for academics, researchers and professionals at institutions involved in capacity building such as universities, regional training centers, and research institutes would ensure the sustainability of the transferred skills and increase awareness levels, thus increasing the utilization of these tools.
Earth Observation Products and Dissemination Platforms
Earth observation value-added product dissemination is a fundamental task for every project to ensure that the developed products and services are optimally utilized [76] . Application-specific web-based product dissemination platforms operated by various organizations and multi-agency programs offer users the ability to search, view, analyze and download various informational products at various spatial resolutions. However, such platforms are still underutilized, mainly due to lack of awareness in the potential utility of the products to support planning, sustainable development and delivery of services [75] . Therefore, enhancing capacities in the utilization of EO-based informational products should, for example, enhance agricultural productivity in order to meet nutritional requirements of rapidly growing populations, ensure sustainable incomes for farming households, and promote sustainable agricultural practices (AU-Agenda 2063, Goals 5 and 7). For the agricultural sector, such capacities are required at different levels, including policy-and decision-makers, planners, land managers and farmers. A wide range of operational dissemination platforms are available (Figure 4) , operated by various organizations such as the UN Food and Agriculture Organization (FAO), Joint Research Center (JRC), the Chinese Academy of Sciences and the United States Department of Agriculture (USDA), as well as multi-agency programs such the Group on Earth Observations (GEO), Global Agricultural Monitoring (GEOGLAM), and the Committee on Earth Observation Satellites (CEOS), among others, provide agricultural information at global, regional and national scales.
For example, GEOGLAM builds on existing national to global agricultural monitoring programs and initiatives to provide EO-derived monthly crop, rangeland and pasture condition assessments and growth monitoring through its Crop Monitor for AMIS and Crop Monitor for Early Warning bulletins (https://cropmonitor.org/) and Rangelands and Pasture Productivity (RAPP) Map (https://map.geo-rapp.org/) systems. Similarly, China's global crop-monitoring system (Crop-Watch, http://www.cropwatch.com.cn/htm/en/index.shtml) uses EO data to provide key crop production indicators such as crop area, yield and production statistics, crop condition, cropping intensity, as well as the status and severity of droughts [77] . Such information is critical for optimizing agricultural productivity, providing early warning on possible food shortages, preventing global market price volatility, and formulating effective policies [77, 78] . In addition, the information provided by these platforms has been identified (in African Space Strategy) as fundamental to supporting African food security policy frameworks such as the Comprehensive Africa Agriculture Development Program (CAADP)(https://www.nepad.org/caadp).
These platforms are mostly based on course resolution data such as AVHRR, MODIS, SPOT-VGT, etc., thus inheriting the coarse spatial resolution and other limitations of such datasets. As a result, coarse-resolution data are more suitable for addressing the information needs of national departments such as with respect to planted area, harvesting times and area, yield estimates and production gaps, and agricultural statistics. On the other hand, course resolution products cannot meet the needs of the insurance and banking sectors. Their requirements include information on agricultural risk and crop damage for damage verification purposes to determine premiums and trigger indemnity payouts and for supporting credit or financial support decisions. On the other hand, farmers need information on crop anomalies or stress, early detection of pests and diseases, and advisory information to support irrigation scheduling, fertilizer application and stocking rates. Addressing such varying needs requires the harmonized use of multi-sensor data to take advantage of both high temporal and spatial resolutions [74, 79] . SANSA Earth Observation Directorate takes advantage of a plethora of data available such as MODIS, Landsat, CBERS, SPOT and Sentinel to provide various agricultural monitoring products at different scales to advance food security imperatives of the country ( Figure 5 However, most agricultural production systems in the rest of Africa are characterized by smallholder (i.e., with area < 0.5ha), dryland farming; thus, they require very detailed information, attainable through very high-resolution data such as Worldview-3. Therefore, concerted efforts to make high-resolution data available to various African countries are needed, and this is achievable through coordination by regional organizations such as AfriGEO, the African Space Agency and the African Union. Critically, timeliness of information provision are often affected by manual image processing chains involving human intervention; additionally, farmers' ability to interpret the information hinders the utility of the EO-based products for optimizing farm-level decisions. Therefore, agricultural information dissemination platforms, particularly, need to operate in a timely fashion with respect to rapidly detecting adverse conditions that may affect productivity [80] . In addition, capacity building should be tailored to and targeted at farmers (who are often ignored) to increase awareness about and develop the capability to use EO-based information in order to improve productivity and cope with agricultural risks, relevant for achieving AU-Agenda 2063 goal 5 (i.e., Modern Agriculture for increased productivity and production). com.cn/htm/en/index.shtml) uses EO data to provide key crop production indicators such as crop area, yield and production statistics, crop condition, cropping intensity, as well as the status and severity of droughts [77] . Such information is critical for optimizing agricultural productivity, providing early warning on possible food shortages, preventing global market price volatility, and formulating effective policies [77, 78] . In addition, the information provided by these platforms has been identified (in African Space Strategy) as fundamental to supporting African food security policy frameworks such as the Comprehensive Africa Agriculture Development Program (CAADP)( https://www.nepad.org/caadp). These platforms are mostly based on course resolution data such as AVHRR, MODIS, SPOT-VGT, etc., thus inheriting the coarse spatial resolution and other limitations of such datasets. As a result, coarse-resolution data are more suitable for addressing the information needs of national departments such as with respect to planted area, harvesting times and area, yield estimates and production gaps, and agricultural statistics. On the other hand, course resolution products cannot meet the needs of the insurance and banking sectors. Their requirements include information on agricultural risk and crop damage for damage verification purposes to determine premiums and trigger indemnity payouts and for supporting credit or financial support decisions. On the other hand, farmers need information on crop anomalies or stress, early detection of pests and diseases, and advisory information to support irrigation scheduling, fertilizer application and stocking rates. Addressing such varying needs requires the harmonized use of multi-sensor data to take advantage of both high temporal and spatial resolutions [74, 79] . SANSA Earth Observation Directorate takes advantage of a plethora of data available such as MODIS, Landsat, CBERS, SPOT and Sentinel to provide various agricultural monitoring products at different scales to advance food security imperatives of the country ( Figure 5 ). SANSA focuses on the provision of multi-stakeholder relevant agricultural information in a form of maps and crop statistics informed by users' needs and within the framework of various international collaborative projects. These the include CropWatch for South Africa (CW4SA) project, in partnership with Airbus Space and Defence, funded by International Partnerships in Space Program (IPSP), administered by the UK Space Agency and Enhancing Food Security in African AgriCultural Systems with the support of Remote Sensing (AfriCultuReS), funded by European Commission Horizon 2020 (774652). In addition, satellite-derived biophysical parameters such as leaf area index (LAI), Fraction of Absorbed Photosynthetically Active Radiation (FAPAR), leaf chlorophyll and water content and several vegetation indices are regularly produced to monitor crop condition in both irrigated and dryland production systems in South Africa.
However, most agricultural production systems in the rest of Africa are characterized by smallholder (i.e., with area < 0.5ha), dryland farming; thus, they require very detailed information, attainable through very high-resolution data such as Worldview-3. Therefore, concerted efforts to make high-resolution data available to various African countries are needed, and this is achievable through coordination by regional organizations such as AfriGEO, the African Space Agency and the African Union. Critically, timeliness of information provision are often affected by manual image processing chains involving human intervention; additionally, farmers' ability to interpret the information hinders the utility of the EO-based products for optimizing farm-level decisions. Therefore, agricultural information dissemination platforms, particularly, need to operate in a timely fashion with respect to rapidly detecting adverse conditions that may affect productivity [80] . In addition, capacity building should be tailored to and targeted at farmers (who are often ignored) to increase awareness about and develop the capability to use EO-based information in order to improve productivity and cope with agricultural risks, relevant for achieving AU-Agenda 2063 goal 5 (i.e., Modern Agriculture for increased productivity and production). In addition, dissemination platforms such as Global Surface Water Explorer [20] (Figure 6 ) provide the global locations and distribution of water surfaces through time for the past 32 years. Pekel, Cottam, Gorelick and Belward [20] show that there has been a net increase in surface water in all continents; however, there was loss of permanent water due to river diversion, drought and In addition, dissemination platforms such as Global Surface Water Explorer [20] (Figure 6 ) provide the global locations and distribution of water surfaces through time for the past 32 years. Pekel, Cottam, Gorelick and Belward [20] show that there has been a net increase in surface water in all continents; however, there was loss of permanent water due to river diversion, drought and unregulated water withdrawal. Thus, such detailed information is useful for informing decisions and policy for integrated water resources management from local to global scales. In the context of Africa's development, the product can support the implementation and reporting towards addressing AU-Agenda 2063 goal 7 (i.e., Environmentally sustainable and climate resilient economies and communities). Specifically, information needs on water bodies, hydrography, aquifers, wastewater, and water quality as identified by the African Space Strategy as key information to support policy frameworks such as African Water Vision 2025 [81] can be met by EO. Officials at regional offices, national and local government institutions need to be capacitated in the role of EO and geospatial technologies in order to support mandates and policies for sustainable integrated water management and ensure access to a safe and adequate water supply. and geospatial technologies in order to support mandates and policies for sustainable integrated water management and ensure access to a safe and adequate water supply. At a national scale, SANSA supports the national Department of Water and Sanitation (DWS) by providing seasonal small water bodies layer ( Figure 7 ) and water quality assessments based on Landsat 8 OLI [82, 83] . The National Water Act No. 36 of 1998 (NWA) [84] and the associated National Water Resource Strategy (NWRS) [85] aim to facilitate sustainable management, conservation, and control of South Africa's water resources in order to achieve national growth, development and socioeconomic priorities in an equitable and sustainable manner. Among other things, NWA emphasizes the importance of information systems for monitoring, recording, assessing and disseminating information on water resources as critical for achieving the objectives of the act. Therefore, EOderived products can meet both qualitative and quantitative information needs such as on quantity and quality of water, water use, the health of aquatic systems, rehabilitation of water resources and atmospheric conditions that may affect water resources as outlined in NWA. Such information will be beneficial to catchment management agencies, water service authorities, and other organs of state with responsibility for water management. At a national scale, SANSA supports the national Department of Water and Sanitation (DWS) by providing seasonal small water bodies layer ( Figure 7 ) and water quality assessments based on Landsat 8 OLI [82, 83] . The National Water Act No. 36 of 1998 (NWA) [84] and the associated National Water Resource Strategy (NWRS) [85] aim to facilitate sustainable management, conservation, and control of South Africa's water resources in order to achieve national growth, development and socio-economic priorities in an equitable and sustainable manner. Among other things, NWA emphasizes the importance of information systems for monitoring, recording, assessing and disseminating information on water resources as critical for achieving the objectives of the act. Therefore, EO-derived products can meet both qualitative and quantitative information needs such as on quantity and quality of water, water use, the health of aquatic systems, rehabilitation of water resources and atmospheric conditions that may affect water resources as outlined in NWA. Such information will be beneficial to catchment management agencies, water service authorities, and other organs of state with responsibility for water management. [87] . In UN-SDG 13, Target 13.1 focuses on strengthening "resilience and adaptive capacity to climate-related hazards and natural disasters in all countries". In Africa, the frequency and intensity of climate-induced natural disasters such as floods and droughts have increased significantly, costing the affected countries billions of dollars. Consequently, AU-Agenda 2063 goal 7 prioritizes "Climate resilience and natural disasters preparedness and prevention" in the FTYIP. International initiatives such as the International Charter "Space and Major Disasters" use Earth observation data from various space agencies and commercial partners for rapid response to major disasters around the world [88] . Emerging African space agencies should aim at increasing their participation in reducing disaster risks and improving disaster response in various regions of Africa. In addition, EO and other Geospatial technologies should increasingly be exploited to support policy frameworks such as Africa Regional Strategy for Disaster Risk Reduction. Emerging space agencies should provide expertise, reference data and satellite datasets from their Earth observation missions and becoming more involved in the International Charter "Space and Major Disasters". More critically, capacity building efforts should be intensified to empower various end-users such as national disaster management centers and local governments in the use of Earth observation for disaster management.
Other product dissemination platforms that provide Earth observation data products over Africa include the Global Human Settlements Layer (GHSL, https://ghsl.jrc.ec.europa.eu) provided by the European Commission's Joint Research Council (JRC). Information on human settlements is critical because the state and growth of settlements and built-up infrastructure are closely linked to the economic and social status of nations. In fact, in addition to their functional role as places of habitation and safety, human settlements are a distinguishing feature of human civilization. On the downside, developing countries still face acute settlement challenges due to rapid population growth, urbanization and vulnerability to natural disasters. Urban sprawl and the proliferation of slums is a major problem confronting African countries and other developing nations. The need for timely and consistent spatial information is a common thread in all the international treaties and national plans. [87] . In UN-SDG 13, Target 13.1 focuses on strengthening "resilience and adaptive capacity to climate-related hazards and natural disasters in all countries". In Africa, the frequency and intensity of climate-induced natural disasters such as floods and droughts have increased significantly, costing the affected countries billions of dollars. Consequently, AU-Agenda 2063 goal 7 prioritizes "Climate resilience and natural disasters preparedness and prevention" in the FTYIP. International initiatives such as the International Charter "Space and Major Disasters" use Earth observation data from various space agencies and commercial partners for rapid response to major disasters around the world [88] . Emerging African space agencies should aim at increasing their participation in reducing disaster risks and improving disaster response in various regions of Africa. In addition, EO and other Geospatial technologies should increasingly be exploited to support policy frameworks such as Africa Regional Strategy for Disaster Risk Reduction. Emerging space agencies should provide expertise, reference data and satellite datasets from their Earth observation missions and becoming more involved in the International Charter "Space and Major Disasters". More critically, capacity building efforts should be intensified to empower various end-users such as national disaster management centers and local governments in the use of Earth observation for disaster management.
Other product dissemination platforms that provide Earth observation data products over Africa include the Global Human Settlements Layer (GHSL, https://ghsl.jrc.ec.europa.eu) provided by the European Commission's Joint Research Council (JRC). Information on human settlements is critical because the state and growth of settlements and built-up infrastructure are closely linked to the economic and social status of nations. In fact, in addition to their functional role as places of habitation and safety, human settlements are a distinguishing feature of human civilization. On the downside, developing countries still face acute settlement challenges due to rapid population growth, urbanization and vulnerability to natural disasters. Urban sprawl and the proliferation of slums is a major problem confronting African countries and other developing nations. The need for timely and consistent spatial information is a common thread in all the international treaties and national plans.
Strategic Partnerships for Capacity Building: Relevance for AU-Agenda 2063
The need for partnerships has been identified as one of the priorities to achieve AU-Agenda 2063 goal 19 (Africa as a major partner in global affairs and peaceful co-existence) and concurrently UN-SDG 17 (Strengthen the means of implementation and revitalize the global partnership for sustainable development). This is also enshrined in the African Space Policy, and SANSA's strategic goals, i.e., to foster international cooperation (including with other African countries) in space-related activities. As a result, several partnerships to collaborate on various space-related activities, including capacity building, with both national (including institutions of higher learning), African (such as the Southern African Science Service Centre for Climate Change and Adaptive Land Management (SASSCAL), the Regional Centre for Mapping Resource for Development (RCMRD), and the SADC-Climate Service Centre) and international organizations (such as JRC, the UK Space Agency, JICA/JAXA and DLR) have been forged. In addition, SANSA is an active member of the Group on Earth Observations (GEO), Committee on Earth Observation Satellites (CEOS), and through the South African Earth Observation Strategy (SAEOS) participates in the Global Earth Observation System of Systems (GEOSS).
These partnerships have resulted in several collaborative capacity building projects focusing on South Africa, the SADC region and, occasionally, the rest of Africa. For example, a bilateral technical cooperation with the Japan International Cooperation Agency (JICA) and the Japanese Space Agency (JAXA) aimed at strengthening SAR remote sensing capability (including exploitation of ALOS-2 data) among South African Earth observation professionals in academia, the private sector and government, resulted in six (6) face-to-face training courses [89] held in South Africa and Japan. These training workshops provided both theoretical and practical skills in optical and SAR remote sensing, covering topics such as land cover classification, geohazard mapping, maritime, agriculture and change detection applications for land deformation/subsidence (e.g., Sinkhole) assessment using SAR Interferometry techniques. In addition, the participation in CEOS Working Group on Capacity Building and Data Democracy (WGCapD) [90] has brought several benefits for various regions in Africa, allowing knowledge sharing and collaboration between African organizations and other major international organizations such as NASA, USGS, INPE, ISRO, the European Space Agency (ESA), the United Nations Office for Outer Space Affairs (UNOOSA), and the German Aerospace Center (DLR), among others.
In the last decade, several international capacity building programs to advance human capital development on the African continent have been successfully delivered. One such program is the TIGER initiative, an international partnership program endorsed by the African Ministers' Council on Water (AMCOW), which was launched in 2002 as a response to a call of the World Summit on Sustainable Development held in Johannesburg, South Africa, in September 2002. It was launched as an urgent intervention to assist African countries in mitigating the challenges related to data acquisition, analysis and distribution of water-related Geo-information through the utilization of Earth observation data (i.e., both optical and SAR) [91] . Capacity building was considered an instrumental contribution in augmenting institutional, human and technical capacity necessary to exploit earth observation technology to support effective water resources management. As part of the TIGER program, a FOSS plugin for QGIS software, i.e., the Water Observation Information System (WOIS), was developed as part of the output [92] . The plugin has been used extensively, as it provides participants with a well-structured and easy-to-learn workflow to develop land cover, inland water bodies, inland water quality, evapotranspiration, agricultural water use, and flood monitoring products, among others, which are essential for supporting integrated water resources management. TIGER and similar capacity-building programs focusing on integrated water resources management are essential for addressing the policy frameworks such as African Water Vision 2025, the NEPAD Environment Action Plan, and support water-related decision-making at local scales towards achieving AU-Agenda 2063 goal 7 targets to preserve at least 17% of terrestrial and inland water. Recently, SANSA has partnered with the African Union Development Agency (AUDA-NEPAD) to provide, among other things, capacity building for the use of Earth observation and other geospatial tools to fast-track planning, implementation and monitoring of AU-Agenda 2063 and the UN-SDGs. As part of this objective, two training workshops were held in partnership with AUDA-NEPAD. The training workshops also exposed participants to a wide range of FOSS tools, access to free and open Earth observation data and their utility for environmental monitoring and assessment, agricultural optimization to achieve food security and monitoring of infrastructure and disaster management, as well as data capturing and management in data scarce countries. Intra-African partnerships such as these allow for building trust with member states and understand different dynamics related to data sharing. In addition, they are an efficient means of technology transfer between African countries and from well-established international institutions. Strategic partnerships in capacity building with JICA/JAXA, AUDA-NEPAD and participation in the CEOS WGCaPD and TIGER programs allowed the various regional, national, provincial and local governments, private companies, and academic institution in Africa to gain skills useful for advancing regional and national priorities in various thematic areas such as agriculture, disaster management, integrated water resources management, land management and conservation, as well as policy-making and implementation. Furthermore, capacity building models such as Training of the Trainers (ToTs) ensure that participants from various African countries continue to transfer knowledge and skills to their colleagues, as well as students studying towards degrees at historically disadvantaged universities. In addition, SANSA scientists continue to transfer their knowledge and skills through the provision of short training courses to industry professionals, students and university lecturers. As a result, of the quality of the courses, there is an increasing demand for training courses from across all spheres of government, universities, public entities and the private sector. Therefore, strategic partnerships allow for the transfer and exchange of knowledge and skills and are a clear contribution towards advancing diverse national priorities, realizing AU-Agenda 2063 aspirations and achieving UN-SDGs. For example, officials from Statistics South Africa (STATSA), an organization responsible for reporting on progress towards UN-SDGs, use knowledge and skills to improve reporting and instigate monitoring activities based on EO. Similarly, private companies such as GeoTerra Image and Southern Mapping that participated in these capacity building activities can develop innovative down-stream commercial applications stimulated by the capacity building activities, to support national government initiatives such as the NDP 2030. In addition, emerging space agencies can benefit from intra-African and international collaborations by leveraging available training materials developed by experts from multiple agencies, tools and data, as well as deciding Recently, SANSA has partnered with the African Union Development Agency (AUDA-NEPAD) to provide, among other things, capacity building for the use of Earth observation and other geospatial tools to fast-track planning, implementation and monitoring of AU-Agenda 2063 and the UN-SDGs. As part of this objective, two training workshops were held in partnership with AUDA-NEPAD. The training workshops also exposed participants to a wide range of FOSS tools, access to free and open Earth observation data and their utility for environmental monitoring and assessment, agricultural optimization to achieve food security and monitoring of infrastructure and disaster management, as well as data capturing and management in data scarce countries. Intra-African partnerships such as these allow for building trust with member states and understand different dynamics related to data sharing. In addition, they are an efficient means of technology transfer between African countries and from well-established international institutions. Strategic partnerships in capacity building with JICA/JAXA, AUDA-NEPAD and participation in the CEOS WGCaPD and TIGER programs allowed the various regional, national, provincial and local governments, private companies, and academic institution in Africa to gain skills useful for advancing regional and national priorities in various thematic areas such as agriculture, disaster management, integrated water resources management, land management and conservation, as well as policy-making and implementation. Furthermore, capacity building models such as Training of the Trainers (ToTs) ensure that participants from various African countries continue to transfer knowledge and skills to their colleagues, as well as students studying towards degrees at historically disadvantaged universities. In addition, SANSA scientists continue to transfer their knowledge and skills through the provision of short training courses to industry professionals, students and university lecturers. As a result, of the quality of the courses, there is an increasing demand for training courses from across all spheres of government, universities, public entities and the private sector. Therefore, strategic partnerships allow for the transfer and exchange of knowledge and skills and are a clear contribution towards advancing diverse national priorities, realizing AU-Agenda 2063 aspirations and achieving UN-SDGs. For example, officials from Statistics South Africa (STATSA), an organization responsible for reporting on progress towards UN-SDGs, use knowledge and skills to improve reporting and instigate monitoring activities based on EO. Similarly, private companies such as GeoTerra Image and Southern Mapping that participated in these capacity building activities can develop innovative down-stream commercial applications stimulated by the capacity building activities, to support national government initiatives such as the NDP 2030. In addition, emerging space agencies can benefit from intra-African and international collaborations by leveraging available training materials developed by experts from multiple agencies, tools and data, as well as deciding to increase the number of training workshops and determine the capacity building needs, in Africa through their participation in CEOS or GEO working groups.
Challenges and Opportunities for EO Capacity Building in Africa
Perhaps the most significant challenge experienced by emerging space agencies in Africa is the relatively low level of investment in space-related activities. This is evidenced by the relatively small number of missions launched by African space agencies since the beginning of the 21 st century when compared to other developing nations in Asia, South America and India. Although initiatives such as the African Resource Monitoring Constellation (ARMC) exist [93, 94] , the requirement to contribute at least one satellite to the constellation in order to have access to the data from the other African missions such as from SumbandilaSat and ZaCube-1 (South Africa), Nigsat-1 and 2 (Nigeria), AlSat-1, Al-Sat 2A, and Al-Sat 2B (Algeria), EgyptSat-1 and 2 (Egypt) prohibits wider utilization of data, development of human capacities in the continent, and progress towards a self-reliant Africa. Lower investments also deter the emerging space agencies' progress towards developing required hardware infrastructure to archive, process and distribute terabytes to petabytes of data and convert the existing wealth of data into information for supporting implementation, monitoring and reporting, as well as policyand decision-making at various levels. Although cloud computing platforms such as GEE remove the need for expensive processing computers, their full exploitation is limited by the knowledge of programming using Python and JavaScript, and their sustainability and free availability in the future cannot be guaranteed. In addition, exporting of large files in GEE requires fee-based Google Cloud Storage. African institutions should leverage international funding opportunities to increase hardware capabilities and other instrumentation requirements. Capacity building in Africa has been largely dominated by face-to-face workshops, classes, conferences and seminars. This traditional means of training is essential for developing deeper relationships with users, networking between instructors, participants and facilitators, information, knowledge and multi-sectoral experiences exchange, etc. However, it is only limited to a few participants (mostly between 20 and 25 participants) due to logistical constraints (such as venue capacity and budget available), and resources (such as lab computers). In addition, lectures are only available to those attending, unless recorded and published online.
In fact, online distance learning offers prospects for addressing many of the challenges of traditional face-to-face training, by reaching hundreds to thousands of participants at once, in various locations, essential for accessing participants beyond organization's geographical reach. Several variously successful distance learning resources exist, such as NASA Applied Remote Sensing Training (ARSET, https://arset.gsfc.nasa.gov/), ESA Earth Online (https://earth.esa.int/web/guest/eo-educationand-training), ESA/University of Jena's EO-College (https://eo-college.org/), affording participants an experience as close as possible to traditional face-to-face training through live webinars and Massive Open Online Courses (MOOCs). These platforms allow binge-watching of EO content, as well as live lectures through webinars that offer active participation by writing comments directly to the course instructors and fellow students, with the ability to receive feedback, complete assignments and, upon completing the course, receive certificates of completion endorsed by the respective institutions offering the course. Although African institutions such as SANSA and RCMRD have previously contributed lectures to CEOS WGCaPD webinars, the potential of online distance learning has not been fully explored and exploited by African organizations. As such, emerging space agencies in Africa are missing out on leveraging each other's know-how, as well as those of well-established international organizations, in augmenting EO skills gaps in the continent. Perhaps one of the major limitations for the wide adoption of online distance learning, as well as adopting cloud platforms such as GEE, is the ICT challenges, particularly slow internet speed. However, the availability of policy frameworks such as the Reference Framework for Harmonization of Telecom/ICT Policies and Regulations in Africa indicates that there is vision, interest and determination to improve the current situation. In addition, African Space Strategy recognizes the contribution of ICT in promoting effective governance, influencing policy and regulatory frameworks. Therefore, African emerging space agencies should promote and expose users to existing platforms and also develop their own capacities in preparation for future possibilities for offering online distance education, as ICT infrastructure improves and the difference between face-to-face and online education is increasingly becoming blurred.
Conclusions
This paper discussed the potential of capacity building in Earth observation, in the context of an African emerging space agency (i.e., SANSA) for supporting the implementation, monitoring and reporting towards the achievement of AU-Agenda 2063 goals. This was done by providing an overview of available open and free satellite data, FOSS software, value-added EO-based products as well as dissemination platforms that can potentially support policy and decision making towards the achievement of national and continental priorities. Furthermore, the paper identified challenges and opportunities for wider adoption of EO and associated elements in Africa to promote sustainable development and demonstrated that strategic partnerships can enhance opportunities for African emerging space agencies. Based on the discussions in this paper, the following conclusions and recommendations were reached in the context of addressing AU-Agenda 2063 and Capacity Building.
•
The availability and access to open and free EO data are critical for addressing data gaps in Africa, supporting national development and regional progress reporting on AU-Agenda 2063 imperatives. Multi-user agreements such as the one forged by SANSA and Airbus Defense and Space are an efficient and effective way of reducing the cost of higher-resolution data, thus improving its access for detailed environmental assessment and monitoring and to address data gaps. Concerted efforts are needed to adopt such models to make data available to various countries, achievable through advocacy and coordination by organizations such as AfriGEO, African Space Agency and the African Union. In addition, African emerging space agencies should adopt open data standards and policies to increase the use of data from African missions, without restrictions.
• Open-source tools should be exploited and encouraged at African institutions, thus solving technical problems, and exploring new tools should be part of the key performance indicators for technicians, technologists and professionals in government institutions, to increase tolerance to bugs and updates and ensure full exploitation to take advantage of capabilities of FOSS tools. This way, the costs of maintaining proprietary licenses can be significantly reduced.
• Emerging African space agencies with EO programs should consider the automation of manual processes to seamlessly produce and rapidly deliver EO-based informational products such as for agricultural optimization, informal settlements detection, illegal ship detection and disaster management, among other things. Cloud-based platforms such as GEE eliminate the need to download, process, and store petabytes of data, thus offering immense prospects for continent-wide research and applications development with minimal costs and equipment [75] .
•
The provision of EO datasets and products should be in accordance with users' needs and coupled with capacity building to ensure that the provided information is fit-for-purpose, and increase their utility by end-users. In a South African context, this strategy has resulted in increased awareness and demand for EO products and services from various spheres of government. In addition, specific attention needs to be directed towards information dissemination, considering the limitations of internet bandwidth and access in most African countries. Channels such as Unstructured Supplementary Service Data (USSD), social media and SMS should be considered in conjunction with online platforms, as well as traditional media such as local radio stations for distributing information about, for example, weather, pests and diseases and other agricultural risks facing agricultural communities.
Overall, the discussions in this paper have implications for capacity building in EO, increased utilization of EO data and FOSS tools, adoption of open data sharing standards and policies for African EO satellite missions and intra-African and international partnerships of emerging space agencies and similar institutions for the purpose of addressing data gaps for supporting implementation, monitoring of, and reporting on AU-Agenda 2063 development imperatives.
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